Abstract: Cloning is an essential prerequisite to test protein design and engineering ideas. However, it is often time consuming, unreliable, and therefore frustrating. Here, we present a streamlined cloning strategy that incorporates a powerful white and green screening protocol to identify colonies with inserts. We use circular polymerase extension cloning, which is both ligation and sequence independent. Furthermore, our entire procedure requires only three quick steps and one enzyme making it easy to use, inexpensive, and tractable. We anticipate that this method will be particularly useful for protein engineers who frequently subclone or make focused deletion, insertion, or substitution libraries.
Introduction
Molecular cloning is a necessary and often frustrating part of protein engineering. For example, ligation dependent cloning procedures require many lengthy steps such as PCR, restriction digests, dephosphorylation, and ligation. Each step requires at least one enzyme, which adds to cost. Moreover, the overall yield decreases at each step making the entire procedure inefficient. Ligation independent cloning procedures, such as circular polymerase extension cloning (CPEC), requires fewer steps and enzymes making the procedure more cost-effective and efficient. 1, 2 However, CPEC often results in high vector background because it is difficult to completely purify linearized vector from the original plasmid (see Fig. 1 ). Screening colonies to identify those with inserts can be a time-consuming, costly, and laborious process. One of the most common procedures to screen colonies for inserts is blue-white screening, which is based on the a-complementation of b-galactosidase to give an active enzyme (LacZ). LacZ hydrolyzes 5-bromo-4-chloro-indolyl-b-D-galactopyranoside (X-gal) to produce blue colonies. When DNA is inserted into an a-complementation vector, b-galactosidase is disrupted, a-complementation is not possible, and the colony appears white in the presence of X-gal.
Although this method has extensive history, X-gal is expensive and colonies left on X-gal plates die. In addition, there are limited a-complementation vectors that may not be compatible with a given downstream application. For instance, to the best of our knowledge there are no a-complementation vectors that add a glutathione S-transferase tag to proteins.
A cheaper, faster, and more convenient screening procedure is to use enhanced green fluorescent protein (eGFP), which can be detected in colonies by its intrinsic fluorescence without the addition of any substrate. A few plasmids that use GFP fluorescence to screen for insertion of DNA have been described. [6] [7] [8] For example, pGreenscriptA, based on pBlueScript SK1, contains a multiple cloning site (MCS) upstream of GFP. 6 Tang et al. developed pGreen-S, based on the pUC18 plasmid, in which eGFP is located between two MCS. 7 Insertion of DNA in either vector disrupts GFP production resulting in non-fluorescent colonies. However, only Figure 1 . Gene cloning using White And Green Screening in combination with CPEC. In Step 1, the vector and insert are generated in parallel via PCR. Insert primers include additional vector-complementary sequences (shown as dashed black lines) that have similar T ms , in the range of 55 C-60 C. 9 In Step 2, the insert and vector PCR products are mixed and their regions of overlap (shown as solid black lines) prime one another and Phusion V R Polymerase extends the recombinant plasmid. In Step 3, one microliter of the reaction is transformed into electrocompetent E. coli, plated on LB agar with appropriate antibiotic, incubated at 37 C overnight, and then screened for fluorescence. Nonrecombinant colonies will express GFP and appear green.
Recombinant colonies will not express GFP and appear white. To illustrate, we show close-ups of plates illuminated with UV light (left) or ambient light (right). As examples, 2 nonrecombinant and 2 recombinant colonies are indicated by white and black arrows, respectively.
a few plasmids that use GFP to screen for inserts have been described. Furthermore, protein scientists frequently prefer to use their own in-house plasmids for a particular application. Thus, a screening strategy that does not rely on a specific plasmid is more desirable. We sought to develop an improved cloning protocol that is efficient, inexpensive, and allows rapid identification of correct clones in any destination vector. We envision that our method will be useful for protein engineers who frequently make libraries and different expression constructs. Our screening protocol, white and green screening (WAGS), requires only that a destination vector express a fluorescent protein. We anticipate that most labs will already have a fluorescent protein cloned into their vector of choice. DNA encoding a protein of interest is subcloned in place of the fluorescent protein, resulting in non-fluorescent (white) colonies (Fig. 1) . Although WAGS can be used with any cloning protocol, it is particularly efficient with CPEC, which requires only two steps and one enzyme. In optimizing the overall protocol, we modified previously published CPEC methods enabling efficient high throughput cloning. Most importantly, our strategy is reliable. We have successfully used WAGS in combination with CPEC to construct many different recombinant plasmids.
Results

White and green screening (WAGS)
While most previous colony screening procedures relied on specific vectors, we sought to create a screening procedure that can be used with any destination vector. To test our method, we chose five plasmids expressing GFP under the control of different inducible promoters (Table I) . We expect that most labs will have GFP or another fluorescent protein already subcloned into their destination vector of choice.
First, it is necessary to determine the strain and induction requirements of each plasmid to produce fluorescent colonies (summarized in Table I ). We transformed each plasmid into two different strains of E. coli-BL21-Gold(DE3) E. coli, which expresses T7 Polymerase or DH10b E. coli, which does not-plated on LB agar containing appropriate antibiotic, and incubated at 37 C overnight. The following morning the plates are immediately screened for fluorescence using a Royal Blue LED flashlight and glasses with a 500 nm LP filter (NIGHTSEA, Bedford, MA). Colonies can also be screened using a UV light box; however, we find that the NIGHTSEA system is more sensitive and does not damage colonies. We expect that most plasmids are leaky and will not require induction for screening.
We used CPEC to clone an insert into each destination vector (summarized in Fig. 1 ). We chose CPEC because it is a directional, positional, sequence independent, and ligation independent cloning protocol.
1 CPEC also requires only two steps and one enzyme. In parallel, we use PCR to linearize the vector and to generate an insert with an additional 21-25 bp that is complementary to the vector (Fig. 1, Step 1A and 1B, respectively). The vector complementary sequences are designed to achieve a predicted T m of 55-60 C and to minimize secondary structure formation. 9 We purified each PCR product on an agarose gel and gel extracted using a Qiagen GelExtraction kit. This step minimizes vector only background, but does not eliminate it completely. In Step 2, we mix vector and insert for CPEC. Because the vector and insert have regions of complementarity, they prime one another and PhusionV R Polymerase extends the recombinant plasmid. We typically mix 100 ng vector and 15-to 30-fold molar excess insert in PCR mix (see Materials and Methods section). We use the same thermocycler conditions described in Figure 1 for each vector, regardless of size. Following 15 extension cycles, one microliter of the reaction mix is transformed into E. coli, plated on LB agar, and incubated at 37 C overnight. The following morning, the colonies are then screened for fluorescence (Step 3). Colonies containing the original plasmid are green and fluorescent (white arrows in Fig. 1 ). Colonies containing recombinant plasmid are white and non-fluorescent (black arrows in Fig. 1 ). Following our typical protocol, we plate about 5-50 lL of a transformation and obtain 100 colonies with 0-50% green colonies.
To test the efficiency of our screening procedure, we sequenced eight white and eight green colonies from a typical cloning into pZE21. All green colonies 
contained original vector, whereas all white colonies contained recombinant plasmid indicating that WAGS is an indicator of successful cloning. To date, we have cloned numerous inserts (400-900 bp in size) into each vector (2-6 kb in size) using CPEC plus WAGS. In all cases, sequenced white colonies always contain insert indicating that our protocol is also reliable.
Although the method we describe here uses GFP to screen for inserts, we also use mCherry interchangeably. Colonies expressing mCherry typically appear pink under ambient light after a 12-30 hour incubation. We expect that our method will work with any protein that fluoresces in E. coli. Similar ligation independent cloning strategies, such as Transfer-PCR (as described in 10 ) or overlap extension PCR cloning (as described in 11 ), may be substituted for CPEC. We also successfully use WAGS in combination with more traditional ligation dependent cloning procedures (data not shown). We expect that our screening protocol will be applicable to almost any cloning strategy.
Spotlight on CPEC cloning: creation of an efficient cloning protocol
We initially noticed that many of our reactions had few recombinant colonies and high vector background. Our goal was to create one efficient highthroughput cloning protocol that gives us the correct clone every time. Therefore, we also used WAGS to optimize our CPEC protocol, that is, to maximize the number of recombinant colonies while minimizing the number of vector-only colonies. For our test system, we used a 2200 bp pZE21 plasmid expressing GFP and a 585 bp insert. We ran 26 CPEC reactions in parallel, each of which used a different number of extension cycles, molar ratio of insert to vector, and amount of DNA. Here, we note significant modifications to a standard CPEC protocol that resulted from these optimizations, summarized in Figure 1 .
1,2
We found that CPEC is very sensitive to the number of extension cycles. Our maximum efficiency was obtained at 20 cycles as shown in Figure 2(A) . This result is similar to previously published studies, which demonstrated that efficiency peaks around 15-18 cycles. 2, 11 We obtained no recombinant colonies when we used only five cycles. Therefore, we recommend a minimum of 10 cycles. We also found that efficiency strongly depends on the molar ratio of insert to vector. Our efficiency peaked when we used insert in 15-fold molar excess [ Fig. 2(B) ]. We found that an equimolar ratio of insert to vector, as recommended in several published protocols, is particularly inefficient. 1, 2 We frequently use insert in 15-to 30-fold molar excess over vector. Finally, we found that efficiency also depends on the DNA concentration. When using 15 extension cycles, efficiency peaked at 100 ng of vector [ Fig.   2(C) ]. Less vector resulted in fewer recombinant plasmids. More than 100 ng vector, also gives fewer recombinant plasmids. To follow up on the reason for this decrease, we analyzed each reaction mix on an agarose gel. Higher molecular weight bands were visible in the reaction using 150 ng vector. Thus, it appears that too much DNA results in unwanted side products and possibly concatenation of Figure 2 . Optimization of CPEC. In all plots the Y axis represents the number of white colonies and the X axis is as indicated. In each plot, we also indicate the percent of white colonies for our most efficient reaction, next to the appropriate data point. At Step 2, we use 100 ng vector and a fivefold molar excess of insert in a total volume of 50 lL, unless noted otherwise. 1 lL of each 50 lL reaction was transformed into E. coli, subsequently 1 lL out of a 500 lL culture volume was plated. In all plots, 15 extension cycles is represented by circles, 10 cycles is represented by triangles, and 5 cycles is represented by squares. Additionally, in plot A, 20 cycles is represented by an asterisk. A. Cloning efficiency as a function of the number of temperature cycles. B. Cloning efficiency as a function of the molar excess of insert over vector. 100 ng vector was mixed with 1, 5, 15-or 30-fold molar excess of insert as indicated. C. Cloning efficiency as a function of the DNA concentration. 50, 100, or 150 ng vector (equivalent to 1, 2 or 3 ng/lL vector, respectively) was mixed with a fivefold molar excess of insert.
sequences. 11 However, the optimal DNA concentration also depends on the number of cycles. If the researcher chooses to use 10 cycles to save time, a compensatory increase in DNA concentration to 150 ng can improve efficiency.
Application of CPEC and WAGS to create focused libraries
We frequently use WAGS and CPEC to make focused libraries including insertions, deletions, or substitutions. In this case, we modify the protocol as shown in Figure 1 to encode the desired mutations either in the insert's forward or reverse primers or in additional internal primers.
Discussion
Here, we provide one complete cloning protocol that enables an investigator to rapidly, efficiently, and inexpensively create and identify recombinant clones.
We have successfully used WAGS in combination with CPEC to create numerous recombinant plasmids in all six vectors. Our CPEC protocol is also extremely efficient. Indeed our most efficient reaction resulted in more than 70 white colonies and no green colonies when we plated only 0.2% of a transformation culture.
We frequently see efficiencies in this range. WAGS can be used with nearly any cloning protocol; however, it may not be suitable for cloning very toxic proteins as it does result in expression of the target protein. In theory it is also possible to obtain original vector from a white colony if the fluorescent protein does not express well enough to be visualized. In contrast, we have never sequenced original plasmid from a white colony so we believe the probability of obtaining false positives is relatively low. Importantly, our protocol is easy to run in parallel and we commonly clone many constructs at a given time. We believe that our protocol will be particularly useful for protein engineers because it enables the user to successfully clone many constructs simultaneously.
Materials and Methods
Standard molecular biology
For a summary of the plasmids used in this study refer to Table I . pPROEX HTa was purchased from Invitrogen (Grand Island, NY) and modified to include an in-frame BamHI site. pZE21 and pZE22 were used as described in 12 . pET11a was purchased from Novagen (Madison, WI). All plasmids contained GFP. Vector was linearized via PCR following standard methods. 13 Insert was also linearized via PCR. All DNA fragments were analyzed on 0.8% agarose gels using a 1 kb DNA ladder (New England BioLabs, Ipswich, MA) as a size marker. Linearized vector and insert were gel extracted using a QIAquick Gel Extraction Kit (Qiagen, Vallencia, CA). Recombinant plasmids were purified using a QIAprep Spin Miniprep Kit (Qiagen, Vallencia, CA) and sequenced at the W.M. Keck Foundation Biotechnology Resource Laboratory (New Haven, CT). Poor vector amplification can sometimes be solved by doubling the nucleotide concentration, adding 3% DMSO, modifying the annealing temperature or increasing the extension time.
Primer design
All primers used in this study were purchased from W.M. Keck Foundation Biotechnology Resource Laboratory (New Haven, CT). To amplify vector sequences, we design primers about 21-30 bp in length with a predicted T m of 65 C or greater. 9 As an example, see Vector Forward and Vector Reverse primers shown below for a pMB2 vector. The forward primer binds after the open reading frame of GFP, whereas the reverse primer binds before GFP's open reading frame. The insert is amplified using standard PCR primers (18-25 bp) designed to achieve a predicted T m 60 C (sequences shown in black below). An additional 18-21 bp complementary to the vector are added to the 5 0 end of each insert primer (shown as bold and italics text below). These sequences are designed to minimize secondary structure formation and achieve a predicted T m of 55-60 C. 
CPEC and WAGS
Vector and insert concentration were measured using a Nanodrop 2000c spectrophotometer (Thermo Scientific, Wilmington, DE). Unless noted, all reactions were carried out using 100 ng vector and a 15-to 30-fold molar excess insert in a 50 lL total volume of PCR mix (containing 100 Units PhusionV R Polymerase, 0.2 mM dNTPs, 1x PhusionV R HF Buffer, and 3% DMSO) (New England BioLabs, Ipswich, MA). The thermocycler settings were as follows: an initial denaturation step at 94 C for 2 minutes, 5-20 temperature cycles of a (denaturation at 94 C for 30 seconds, annealing at 55 C for 30 seconds, and extension at 72 C for 6 minutes) and a final extension step at 72 C for 8 minutes. All reactions were carried out in an Eppendorf mastercycler (Hauppauge, NY).
A total of 1 lL of each reaction was transformed into 45 lL electrocompetent DH10b or BL21-Gold (DE3) cells using a BioRad micropulser (Hercules, CA). The cells were outgrown in 500 lL LB for 1 hour at 30 C. Subsequently, 5-50 lL were plated on LB agar plates with 100 lg/mL Ampicillin or 50 lg/ mL Kanamycin. For inducing plates, we also included either 1 mM IPTG or 0.2% Arabinose (Sigma, St Louis, MO). The plates were incubated at 37 C overnight. The following morning they were immediately screened for fluorescence using a 1W Royal Blue LED flashlight and glasses containing a 500 nm LP filter (http://www.nightsea.com, NIGHT-SEA, Bedford, MA). Alternatively, colonies are imaged using a HighPerformance UV transilluminator (UVP, Upland, CA) and a Kodak DC290 Zoom camera (Rochester, NY) with a 535DF100 camera ring filter.
